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We demonstrate an enhanced emission of high quantum yield molecules coupled to dielectric 
metasurfaces formed by periodic arrays of polycrystalline silicon nanoparticles. Radiative 
coupling of the nanoparticles, mediated by in-plane diffraction, leads to the formation of 
collective Mie scattering resonances or Mie surface lattice resonances (M-SLRs), with 
remarkable narrow line widths. These narrow line widths and the intrinsic electric and magnetic 
dipole moments of the individual Si nanoparticles allow to resolve electric and magnetic M-
SLRs. Incidence angle- and polarization-dependent extinction measurements and high-
accuracy surface integral simulations show unambiguously that magnetic M-SLRs arise from 
in- and out-of-plane magnetic dipoles, while electric M-SLRs are due to in-plane electric 
dipoles. Pronounced changes in the emission spectrum of the molecules are observed, with 
almost a 20-fold enhancement of the emission in defined directions of molecules coupled to 
electric M-SLRs, and a 5-fold enhancement of the emission of molecules coupled to magnetic 
M-SLRs. These measurements demonstrate the potential of dielectric metasurfaces for emission 
control and enhancement, and open new opportunities to induce asymmetric scattering and 
emission using collective electric and magnetic resonances.  
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1. Introduction 
Coherent scattering in metasurfaces formed by periodic lattices of scatterers can lead to 
spectrally narrow surface modes known as surface lattice resonances (SLRs). SLRs emerge 
from the enhanced radiative coupling between the localized resonances in the scatterers through 
in-plane diffraction orders (Rayleigh anomalies, RAs).[1-12] Localized surface plasmons have 
been the primary choice for the investigation of SLRs due to the large polarizability of metal 
nanoparticles. Consequently, very narrow resonances with quality factors Q ~ 300 have been 
observed in the visible with periodic arrays of plasmonic nanoparticles.[13] The coupling of 
SLRs with optical emitters provides the fascinating opportunity to control the 
photoluminescence (PL) spectrum, efficiency and direction of the emission, which is relevant 
for solid-state lighting, low threshold lasing, and optical communication.[14-17] 
So far, the reported SLRs in the visible have been limited to diffractive coupling of electric 
dipoles or multipolar resonances. Magnetic SLRs have not been yet observed experimentally 
because simple nanoparticle geometries do not support magnetic resonances. Indeed, complex 
geometries, such as split-ring resonators are required to obtain a significant magnetic 
polarizability.[18-21] As an alternative to metals, dielectric nanoparticles can sustain Mie 
resonances of electric and magnetic character and offer a new dimension for radiative coupling 
when organized in arrays.[22-24] The possibility to excite different modes in single dielectric 
nanoparticles has renewed the interest in the Kerker effect, which leads to zero back-scattering 
and enables Huygens’ metasurfaces.[25-30] Dielectric nanoparticles have also enabled non-
radiating anapole modes,[31,32] and very high-Q modes related to Fano resonances and bound 
states in the continuum.[33] Dielectric metasurfaces could find applications in color displays,[34-
36] photoluminescence control,[37-39] magneto-optical effect modulation, [40,41] sensing, [42] 
holography, [43] and light harvesting for detectors and solar cells.[44]  
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In this manuscript, we report the observation of electric and magnetic SLRs in metasurfaces 
of Mie scatterers formed by periodic arrays of polycrystalline silicon. These, so-called, Mie 
surface lattice resonances (M-SLRs) are the result of the coupling of electric or magnetic 
dipoles in the nanoparticles through in-plane diffraction orders or RAs. The orthogonal 
moments of the magnetic and electric dipoles in the individual nanoparticles, and the 
preferential radiative coupling in perpendicular directions to these moments, allow their 
coupling through different RAs. The optical extinction of M-SLRs can be remarkably high, 
with values up to 90 % for electric M-SLRs and 30% for magnetic M-SLRs. We also unveil the 
critical role of the detuning between the Mie resonances of the individual nanoparticles and the 
RAs for reducing the linewidth of M-SLRs. By depositing a thin layer of high quantum 
efficiency molecules on top of the metasurface, we show a pronounced change in the emission 
spectrum and significant enhancement of this emission, which can reach a 20-fold enhancement 
for electric M-SLRs and a 5-fold enhancement for magnetic SLRs. 
Despite the high refractive index of silicon (Si) and the large magnetic dipole moment in Si 
nanoparticles,[36,45-49] the observation of M-SLRs has been so far elusive, mainly due to the 
following reasons:[22, 50-52] First, the medium surrounding the nanoparticles in previous 
experiments was not homogeneous, which greatly reduces the in-plane radiative coupling 
between nanoparticles.[53] Second, the design of the periodic nanoparticle array was not 
optimum, specially the detuning between the localized Mie resonances and the RAs. Third, 
most of the preceding experimental works have used amorphous Si nanoparticles with higher 
absorption losses compared to poly- and single-crystalline Si.[51, 54] Absorption in amorphous 
Si increases the line width of the resonances and prevents the observation of the diffractive 
coupling between Mie resonances. As shown below, the design of the scattering properties and 
the radiative coupling in arrays of poly-crystalline Si allows the simultaneous observation of 
electric and magnetic M-SLRs and the modification on the emission of quantum emitters 
coupled to these collective resonances in dielectric metasurfaces.  
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2. Excitation of Mie Surface Lattice Resonances 
The arrays consist of poly-crystalline Si nanoparticles on a synthetic quartz substrate (Figure 
1). To realize a homogeneous medium surrounding the nanoparticles, we place a quartz 
coverslip on top with index matching oil (refractive index of 1.46) in between. Two sets of the 
arrays with different particle diameters (d) are examined: The Si nanoparticles have a 
cylindrical shape with a height of 90 nm, and d = 134 nm (standard deviation 1.9 nm) or 105 
nm (1.4 nm), as measured from scanning electron microscope images (Figure 1(a) and 
Supplementary Figure S1). The nanoparticles are periodically arranged in square lattices with 
lattice constants a = 400, 410, 420, and 430 nm. The size of each array is 2 × 2 mm. A 
photograph of the eight investigated arrays is also shown in Figure 1(a). For the details of 
fabrication procedure of Si nanoparticle arrays, see Supplementary Figure S1. 
We measured the zeroth-order transmission spectrum by illuminating the sample with a 
collimated halogen lamp with a beam diameter of ~ 0.8 mm and collecting the transmitted light 
with a fiber-coupled spectrometer (USB2000, Ocean Optics, spectral resolution ~0.3 nm). We 
evaluate the optical extinction (E), defined as E=1-T/T0, where T is the transmission through 
the sample and T0 is the transmission through a reference consisting of a substrate, index-
matching oil, and superstrate. The extinction spectrum of one of the arrays (d =134 nm; a = 430 
nm) measured at normal incidence (in = 0º, Fig. 1(b) red curve) shows a broad resonance at λ 
= 520 nm and two much narrower resonances: one weaker at λ = 629 nm and the other much 
stronger at 638 nm. The broad resonance is associated to Mie scattering from the individual 
nanoparticles, while the two narrow resonances correspond to the magnetic and electric M-
SLRs in the array. These two narrow resonances are also displayed in the inset of Fig. 1(b), 
where the spectral position of the in-plane diffraction or Rayleigh anomaly at normal incidence 
is indicated. Under oblique illumination (in = 4º defined in the xz-plane, Fig. 1(c)), the 
extinction peaks split and shift spectrally following the RAs conditions, which are given for a 
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square lattice and an incident beam along the x-direction by k02 = [k|| + m1(2π/a)]2 + m22(2π/a)2; 
where k0 (= 2πn/λ) and k|| (= (2πn/λ)sinθin) are the wave vectors of the scattered and incident 
light, n is the refractive index of the surrounding medium, and (m1, m2) are integers defining 
the diffraction orders in the x- and y-directions, respectively.  
The importance of a homogeneous dielectric surrounding for the formation of M-SLRs is 
evident from the extinction spectrum of the same array measured without the index-matching 
oil and coverslip (shadowed area in Fig. 1(b)). Without a homogeneous medium, only the broad 
resonance due to localized Mie scattering at λ = 530 nm is visible. 
The origin of the resonances can be established by the extinction dispersion measurements 
(Figure 2). We obtain the dispersion by varying θin in steps of 0.25° so that the incident light 
possesses a wave vector parallel to the surface of the array along the x-direction (k||). For both 
TM and TE polarized incident plane waves (Figs. 2(a) and (b), respectively), a broad and 
dispersion-less extinction band is visible at λ = 520 nm. This band corresponds to the scattering 
by Mie resonances in the nanoparticles. The dispersion-less behavior illustrates the localized 
nature of this resonance due to the individual nanoparticles. The cylindrical symmetry of the 
particles and the square periodicity of the array make the scattering from these localized 
resonances polarization-degenerate at normal incidence. In addition to the Mie resonances, a 
sharp extinction peak appears at θin = 0° around λ = 640 nm, which splits and shifts as θin 
deviates from normal incidence. The dispersions of these extinction resonances follow the 
conditions of the RAs. The extinction bands with linear dispersion correspond to the (+1,0) and 
(-1,0) diffraction orders in the plane of incidence, while the quadratic dispersion band 
corresponds to the degenerate (0,±1) diffraction orders perpendicular to the plane of incidence. 
The correspondence of the dispersion in the extinction with the in-plane diffraction condition 
confirms that these resonances emerge from the diffractive coupling of individual scatterers, 
and consequently, they are M-SLRs. 
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We can understand the magnetic or electric characters of M-SLRs from the polarization-
dependent dispersion. The TM-polarized wave (Fig. 2(a)) excites the electric dipole in the 
nanoparticles along the x-direction (px), creating a scattered field preferentially along the y-
direction (perpendicular to the dipole moment). This scattered field couples radiatively the 
electric dipoles in the neighboring Si nanoparticles through the (0, ±1) RAs, i.e. the diffracted 
orders perpendicular to the plane of incidence, forming the electric M-SLRs with a parabolic 
dispersion. The TM-polarized incident wave also excites the in-plane magnetic dipoles along 
the y-direction (my) through the generation of out-of-plane circulation currents. The scattered 
field by my is predominant along the x-direction, coupling to the (±1,0) Rayleigh anomalies, 
i.e., diffracted orders in the plane of incidence to excite magnetic M-SLRs with a linear 
dispersion. The geometric relation between the dipoles and RAs is schematically represented at 
the bottom of Fig. 2. 
Similarly, TE incident light (Fig. 2(b)) induces electric (py) and magnetic (mx) M-SLRs along 
the (±1,0) and (0,±1) RAs, respectively. A close look to the dispersion around normal incidence 
for TE-polarized light (see the inset of Fig. 2(b)) shows that the bright py electric M-SLR splits 
into different resonances. The resonance along the (-1,0) and (1,0) orders are dominated by the 
py M-SLR, whereas the resonance along the (0,±1) diffracted orders is a hybrid between py and 
mz. This hybridization occurs because TE-polarized light at oblique incidence can induce a 
magnetic dipole in the nanoparticles along the z-direction (mz) via an in-plane circulation 
current in the nanoparticle (see Supplementary Figure S2 for a more detailed analysis). 
Therefore, the illumination of the square lattice with linearly-polarized light allows to 
selectively excite M-SLRs with different dispersions, separating them spectrally and facilitating 
the experimental observation of electric and magnetic modes. 
 
3. Electromagnetic simulations 
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We have confirmed the assignment of the dispersive resonances in the previous section with 
electrodynamic simulations (Figure 3). We use a high-accuracy surface integral method for 
periodic scatterers,[55, 56]  and model the nanoparticles as cylinders with a height of 90 nm and 
a diameter of 126 nm to obtain the best agreement with the experimental extinction. The size 
of the unit cell is 430 × 430 nm2 in the xy-plane, with periodic boundary conditions applied to 
simulate an infinite array. The refractive index of the surrounding medium is set to 1.46, and 
the refractive index of Si is taken from literature.[57] We illuminate the nanoparticle array with 
normally incident y-polarized light. The simulation reproduces the experimental extinction 
spectra qualitatively (Fig. 3(a)). The extinction consists of two peaks assigned to the magnetic 
and electric M-SLRs: a very sharp one at λ = 630.3 nm (magnetic M-SLR), and a stronger 
resonance at λ = 639.3 nm (electric M-SLR). A better agreement with the experiment is found 
when the imaginary part of the permittivity of Si is increased by five times (dashed line), 
indicating that the nanofabrication process adds extra losses. At oblique incidence (in = 4 º), 
we can also reproduce the split of mx and mz M-SLRs for a TE wave (see Supplementary, Fig. 
S2). 
The electric field intensities at the resonant wavelengths in the unit-cell plane show the 
explicit signatures of M-SLRs (Figs. 3(b) and (c), top panels): unlike localized resonances in 
which the field intensity variation is confined to the nanoparticles, we find an intensity pattern 
extending over the unit cell. This propagating wave along the y-direction is the magnetic M-
SLR, indicating that the (0,±1) RAs are responsible of the radiative coupling (Fig. 3(b)); 
whereas the propagating wave along the x-direction is the electric M-SLR, involving the (±1,0) 
RAs (Fig. 3(c)).  
Vertical cross sections of the fields near the nanoparticles allows to further identify the 
character of the M-SLRs. The magnetic field intensity of the magnetic M-SLR in the yz-cross 
section of the nanoparticle shows a strong enhancement inside the nanoparticle volume, which 
is characteristic of magnetic dipole resonances (Fig. 3(b), bottom panel). In contrast, the electric 
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field intensity of electric M-SLR is enhanced at the vertical edges of the nanoparticle, which is 
a signature of electric dipole resonances (Fig. 3(c), bottom panel).  
 
4. Photoluminescence enhancement of M-SLRs 
To measure the PL of emitters coupled to electric and magnetic M-SLRs (Figure 4), we 
deposit a poly (methyl methacrylate) (PMMA) layer (thickness ~ 300 nm) containing a 3 wt% 
of high quantum yield dye (Lumogen F Red, BASF) by spin coating. This dye is chosen because 
of its bright PL in the visible spectrum with a very high quantum yield in a polymer matrix 
(∼99% at a very low concentration forming a thin layer and ∼85% at 3 wt%) and good photo-
stability.[14, 17] The refractive index of PMMA (~1.49) is similar to that of the substrate, creating 
a quasi-symmetric environment around the nanoparticles to support M-SLRs. We illuminate 
the samples with a diode laser (λ = 532 nm, TE-polarized) at an incident angle of θin = 10° from 
the substrate side and collect the PL from the opposite side at different angles from the surface 
normal (θem) using a fiber-coupled spectrometer (USB2000, Ocean Optics). The detection fiber 
was mounted on a computer-controlled rotation stage, which can be rotated around the 
excitation spot. As a reference, we measure the PL of a dye-containing thin film with the same 
thickness on an unstructured quartz substrate. The dispersion of the PL enhancement, defined 
by normalizing the PL spectra to the reference, follows the same dispersion as the extinction 
(See Figs. 4(a) for the extinction and 4(b),(d),(f) for the PL enhancement), with a remarkable 
maximum enhancement of the emission of more than 16 times in the normal direction (Fig. 
4(d)) and almost 20 times at 4 º (Fig. 4(f)). This enhanced emission is also visible by comparing 
the optical transmission spectrum through the sample (black curves in Figs. 4(c) and (e) for the 
normal direction and 4 º, respectively) to its PL emission (red shadowed PL spectrum) and to 
the emission of the reference layer (grey shadowed PL spectrum). The presence of the array of 
Si nanoparticles pronouncedly changes the emission spectrum of the molecules. The dips in 
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transmission, associated to the coupling of the incident light to M-SLRs, occurs at the same 
wavelength as the pronounced peak in the PL emission of the dye. 
If we neglect the modification of the quantum yield of the dye molecules by the nanoparticle 
array, which has been proven to be a good approximation for thick (> 200 nm) emitter layers 
on plasmonic diffractive arrays,[14, 58] the spectrally modified and enhanced PL emission can be 
described by two optical phenomena: the enhanced absorption of the excitation beam, and the 
improved outcoupling, i.e., the emission is coupled out the film in a direction defined by the 
periodicity and the M-SLRs. The agreement between the dispersion of the extinction and the 
PL enhancement can be interpreted as PL outcoupling being the major contribution to the 
enhanced emission.  
The measurements of the transmission and the PL enhancement at 4º with respect to the 
sample normal show the peaks associated to the magnetic mx and mz SLRs (Figs. 4(e) and (f)). 
Although the magnetic modes are more confined inside the nanoparticles, as seen in the 
simulations of Figure 3, the PL enhancement is significant. This important observation implies 
that both magnetic and electric SLRs can be used to spectrally and spatially tune the emission 
of fluorophores in the proximity of arrays of Mie scatterers. 
The PL measurements also show that not only at the M-SLRs but also at the off-resonance 
spectral region, the PL intensity is enhanced by 1.5-2.0 times. This enhancement can be 
attributed to the enhanced absorption of the excitation beam by the dye molecules. Indeed, the 
incident beam (λ = 532 nm) can excite localized Mie resonances at the nanoparticles (Fig. 1(b)), 
being more efficiently absorbed by the dye molecules and converted to PL. Considering the 
absorption enhancement, the outcoupling efficiency is enhanced by 8-10 times at the electric 
M-SLRs. This outcoupling efficiency is comparable to the highest values reported for 
plasmonic Al nanoparticle arrays, which further highlights the relevance of Si nanoparticles as 
an alternative to plasmonic nanoparticles for light emission control and enhancement.[14] 
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5. Spectral tuning of SLRs 
We have investigated the tuning of the spectral position and the width of M-SLRs with the 
lattice constant a and the nanoparticle diameter d (Figure 5). For a fixed diameter d = 134 or 
105 nm, M-SLRs redshift as the lattice constant increases (Fig. 5(a)). For smaller nanoparticles 
with d = 105 nm, the extinction of the arrays possesses only a single peak (Figure 5(b)), which 
is assigned through simulations to the electric M-SLR. The simulation considering the extra 
loss (imaginary epsilon of Si multiplied by a factor of five) shows that the magnetic M-SLR 
appears at a shorter wavelength than the electric M-SLR with an extinction ~ 10% and a FWHM 
~ 0.07 nm (see Supplementary, Fig. S3), which is below the resolution of the spectrometer used 
in the experiments.  
The electric SLRs are much sharper for arrays with smaller particles with a FWHM as narrow 
as 2 nm. The change in the linewidth of the M-SLRs with the array geometry can be explained 
by the spectral detuning between the Mie resonances and the diffraction order. The 
eigenfrequencies of the localized dipole (magnetic and electric) and in-plane diffraction are 
tuned by d and a, respectively. In the present geometry, where the localized resonances are at 
higher frequencies than the Rayleigh anomalies, both decreasing d and increasing a, increases 
their detuning and makes the interaction weaker.[59, 60] This weaker interaction leads to narrower 
M-SLRs, with a character that is more diffractive as opposed to the localized character due to 
Mie resonances. The effect of detuning is also clearly seen in the extinction maps of Fig. 2, 
where the frequencies of the diffraction orders are tailored via the angle of incidence. M-SLRs 
become broader as they approach the frequency of the Mie resonances of the individual particles 
at λ = 510 nm. 
Among the measurements at normal incidence, the highest Q ~ 298 is obtained at λ = 617 nm. 
This value is comparable to arrays of silver nanorods with optimized high-Q resonances.[13] In 
contrast to silver or other plasmonic arrays, where high-Q modes inevitably come with a small 
extinction to minimize the optical loss,[13, 61] polycrystalline Si possesses lower absorption 
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around λ = 600 nm and the high-Q coexists with extinctions larger than 90 %. This high and 
narrow resonance is very useful for emission control. We demonstrate the very narrow PL 
outcoupling (FWHM ~ 4 nm) associated to the narrow electric M-SLRs in the Supplementary, 
Fig. S4. 
 
6. Conclusion 
We have designed diffractive arrays of poly-crystalline Si nanoparticles supporting Mie 
resonances to excite electric and magnetic Mie surface lattice resonances (M-SLRs) and 
demonstrated the spectral and angular shaping of the photoluminescence of dye molecules 
coupled to these collective resonances. We have observed a remarkable 16-fold enhancement 
of the PL emission in certain directions coupled to electric M-SLRs, and a 5-fold enhancement 
of the emission coupled to magnetic M-SLRs, which are explained by the differences in the 
electromagnetic field distribution near the nanoparticles. A careful tuning of the Mie resonances 
to the in-plane diffraction orders, allows the control of the Q-factor and the extinction of M-
SLRs. Consequently, Si nanoparticle arrays support high Q-factor M-SLRs (full width at half 
maximum ~ 2 nm) with a high extinction (up to 90%). Such a combination of high Q and 
extinction values in the visible cannot be achieved in arrays of plasmonic nanoparticles due to 
the intrinsic losses of metals, which highlights the potential of dielectric metasurfaces for 
fundamental studies of light-matter interaction at the nanoscale and for applications at optical 
frequencies.  
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Figure 1. (a) Schematic representation of a square array of Si nanoparticles on a synthetic 
quartz glass substrate. A quartz coverslip on top of the array with index-matching oil in between 
produces a homogeneous refractive index surrounding the array. A TE- (TM-) polarized wave 
with the electric field in the y- (x-) direction illuminates the sample with the angle of incidence 
defined in the zx-plane. Bottom left panel: Optical reflection micrograph of the eight 
investigated arrays, with nanoparticle diameters d = 105 and 134 nm and lattice constants a = 
400, 410, 420, and 430 nm. Bottom right panel: Scanning electron microscope image of the Si 
nanoparticle array with a = 430 nm and d = 134 nm. (b) Extinction spectra of the array measured 
at normal incidence (θin = 0 º), without (shadowed area) and with (solid line) index-matching 
oil and a coverslip. Inset: close view of the M-SLRs with the Rayleigh anomaly (in-plane 
diffraction) wavelength indicated by the vertical dashed line. (c) Extinction spectra (TE and 
TM) of the array embedded in a homogeneous refractive index measured at θin = 4 º. 
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Figure 2. Experimental dispersion of the electric and magnetic M-SLRs of the array with period 
a = 430 nm and particle diameter d = 134 nm, embedded in a homogeneous medium. The 
extinction spectra are plotted as a function of the incident angle for (a) TM- and (b) TE-
polarized incident light. The inset in (b) is a magnified plot around normal incidence. The 
schematics show the geometrical relation between the induced electric and magnetic dipoles on 
each nanoparticle and the in-plane diffraction orders (Rayleigh anomalies). 
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Figure 3. (a) Simulated extinction spectra around the Rayleigh anomaly at θin = 0 º for the Si 
nanoparticle array with period a = 430 nm and particle diameter d = 126 nm, embedded in a 
homogeneous medium with refractive index n = 1.46. Linearly polarized light along the y-
direction excites magnetic and electric M-SLRs at different wavelengths. The dotted curve 
represents the spectrum calculated with the imaginary part of the dielectric constant (Im(ε)) 
increased by five times. (b), (c) Spatial distribution of the total field intensity in a unit cell. For 
a clear assignment of the different resonances, we use the original Im(ε) value without added 
losses. (b) Field intensity of the magnetic M-SLR (λ = 630.3 nm) showing the xy- and yz-planes 
intersecting the nanoparticle at its center; the top (bottom) panel represents the square of electric 
(magnetic) field normalized to that of the incident light, |E|2/|E0|2 (|H|2/|H0|2). (c) Field intensity 
of the electric M-SLR (λ = 639.3 nm). Scale bars are 100 nm. The white curves indicate the 
boundary of the nanoparticle. 
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Figure 4. (a) Experimental TE extinction and (b) PL enhancement as a function of θin and θem, 
respectively, for the Si nanoparticle array with a = 430 nm and d = 134 nm embedded in a 
polymer layer containing 3 wt% light emitting molecules. The PL enhancement is defined as 
the emission spectra of the layer on the array normalized to the emission of a similar layer on 
an unstructured substrate. The inset in (b) shows the definitions of θin fixed at 10 º and θem 
varying between -5 and 5 º for the emission measurements. (c), (e) Optical transmission (left 
axis) and PL intensity (right) normalized to the maximum of the reference at (c) θin = θem = 0 
and (e) 4 º. The normalized PL spectra of the reference are shown as the grey areas. (d), (f) 
Optical transmission (left axis) and PL enhancement at (d) θin = θem = 0 and (f) 4 º. 
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Figure 5. Spectral variation of M-SLRs with the nanoparticle diameter d and lattice constant a. 
The extinction spectra at θin = 0 º of the Si nanoparticle arrays with a = 400, 410, 420, and 430 
nm are shown for d = (a) 134 and (b) 105 nm. The vertical dashed lines denote the Rayleigh 
anomaly condition for each lattice constant. 
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1. FABRICATION OF SILICON NANOPARTICLE ARRAYS 
The Si nanoparticle arrays were fabricated using electron-beam lithography and selective dry 
etching. Polycrystalline Si thin films (thickness of 90 nm) were grown on a synthetic silica glass 
substrate by low-pressure chemical vapor deposition using SiH4 gas as a source of Si. A resist 
(NEB22A2, Sumitomo) was cast on the Si film and exposed to electron-beam lithography, 
followed by development to make nanoparticle arrays of resist on the Si film. The Si film was 
vertically etched using a Bosch process with SF6 and C4H8 gases, and the resist residue was 
etched away by oxygen dry etching. We show the SEM images of the arrays used for the 
photoluminescence measurement in Figure S1. 
 
Figure S1. SEM images of the Si nanoparticles arrays with a = 430 nm and (left panel) d = 105 
nm and (right panel) 134 nm.  
  
25 
 
2.  SIMULATED EXTINCTION SPECTRA 
The extinction for TM and TE light at θin = 4º simulated for the array with d = 126 nm and a 
= 430 nm by using the surface integral method is shown in Figure S2(a). The result reproduces 
the experimental extinction spectra in Fig. 1(c). For more detailed analysis on the origin of the 
features, we decompose the TE spectrum into the contributing electric dipole (py) and magnetic 
dipoles (mx and mz). The sharp peak at λ = 630 nm is pure mx, while the other three peaks are 
the mixtures of py and mz. Among the three, the contribution of py is larger at λ = 608 and 654 
nm because these features are associated with the (±1,0) diffraction orders that couple to py. 
 
Figure S2. (a) Simulated extinction spectra around the Rayleigh anomaly at θin = 4 º for the Si 
nanoparticle array with a = 430 nm and d = 126 nm, embedded in a homogeneous medium with 
refractive index n = 1.46. The permittivity of Si is taken from ref. [57] with the imaginary part 
(Im(ε)) increased by five times. (b) Analysis of the contributions of electric and magnetic 
dipoles on the extinction by a multipolar decomposition of the scattering spectra for the TE 
light at θin = 4 º. 
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The extinction simulated for the array with a smaller particle size (d = 92 nm) and a = 430 
nm (Fig. S3) shows a very narrow (FWHM ~ 0.07 nm) and small extinction (~ 10 %) associated 
to magnetic M-SLR, which is not resolved in the experiment (Fig. 5, bottom panel). 
 
Figure S3. Simulated extinction spectra around the Rayleigh anomaly at θin = 0 º for the Si 
nanoparticle array with a = 430 nm and d = 92 nm, embedded in a homogeneous medium with 
refractive index n = 1.46. The permittivity of Si is taken from ref. [57] with the imaginary part 
(Im(ε)) increased by five times. Note the small spectral range in the plot (10 nm). 
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3. EXTINCTION AND PL SPECTRA FOR THE ARRAY WITH SMALLER 
NANOPARTICLES  
A notable correspondence between the extinction and PL enhancement is observed also for 
the arrays with a smaller particle size (d = 105 nm). Because of the narrow extinction resonance, 
the PL shows a very narrow and sharp peak due to the outcoupling. Given that the pump 
enhancement is negligible because of the mismatch between the Mie resonance and the 
excitation beam (λ = 532 nm), the PL enhancement due to outcoupling (~16 times) is larger for 
the array with a smaller particle size. This is due to the narrower resonance or higher Q-factor 
supported in this array.  
 
 
Figure S4. (a) Experimental TE extinction and (b) PL enhancement as a function of θin and θem, 
respectively, for the Si nanoparticle array with a = 430 nm and d = 105 nm embedded in a 
polymer layer containing 3 wt% of Lumogen F Red molecules. (c) Optical transmission (left 
axis) and PL intensity (right axis) normalized to the maximum of the reference at θin = θem = 0º. 
The normalized PL spectrum of the reference is shown as a grey area. (d) Optical transmission 
(left axis) and PL intensity enhancement (right axis) at θin = θem = 0º. 
